The objective of this study was to investigate a possible role of mitochondrial dihydrolipoamide dehydrogenase (DLDH) as a chemical preconditioning target for neuroprotection against ischemic injury. We used 5-methoxyindole-2-carboxylic acid (MICA), a reportedly reversible DLDH inhibitor, as the preconditioning agent and administered MICA to rats mainly via dietary intake. Upon completion of 4 week's MICA treatment, rats underwent 1 h transient ischemia and 24 h reperfusion followed by tissue collection. Our results show that MICA protected the brain against ischemic stroke injury as the infarction volume of the brain from the MICA-treated group was significantly smaller than that from the control group. Data were then collected without or with stroke surgery following MICA feeding. It was found that in the absence of stroke following MICA feeding, DLDH activity was lower in the MICA treated group than in the control group, and this decreased activity could be partly due to DLDH protein sulfenation. Moreover, DLDH inhibition by MICA was also found to upregulate the expression of NAD(P)H-ubiquinone oxidoreductase 1(NQO1) via the Nrf2 signaling pathway. In the presence of stroke following MICA feeding, decreased DLDH activity and increased Nrf2 signaling were also observed along with increased NQO1 activity, decreased oxidative stress, decreased cell death, and increased mitochondrial ATP output. We also found that MICA had a delayed preconditioning effect four weeks post MICA treatment. Our study indicates that administration of MICA confers chemical preconditioning and neuroprotection against ischemic stroke injury.
Introduction
Stroke is a leading cause of disability and death in the United States. Fortunately, the brain can be induced to tolerate stroke injury. One promising strategy to achieve this tolerance is called preconditioning [1] [2] [3] , wherein exposure to non-injurious stimuli affords protection against subsequent injurious ischemic challenges. Preconditioning in the brain can be triggered not only by brief episodes of ischemia-reperfusion [4, 5] but also by administration of certain chemicals or drugs [6] [7] [8] [9] [10] . As ethical considerations do not allow for the use of brief repeated occlusion of the cerebral arteries to elicit stroke tolerance in humans, animal models of chemical preconditioning have been actively investigated in hopes to develop a clinically-useful approach to stroke preconditioning in humans. Moreover, chemical preconditioning may also be useful as a prophylactic approach to neuroprotection [11, 12] . The reason for this is that while the onset of stroke is often sudden and unpredictable, individuals with a higher than normal risk of stroke could benefit from prior measures that enhance the brain's tolerance to potential ischemic injury. Such is the case for patients who are scheduled to undergo cardiovascular procedures during which the brain needs to be prophylactically protected against possible stroke injury.
Mitochondria are a known target for preconditioning against stroke injury [13] [14] [15] . When oxygen and nutrients supply to the affected area of tissues come to a halt upon ischemia, mitochondrial ATP production is severely decreased. The decrease in ATP content triggers functional impairment of ATP-dependent calcium channels, leading to overload of cellular and mitochondrial calcium [16, 17] that in turn can trigger glutamate excitotoxicity [18, 19] . On the other hand, as cells have to undergo anaerobic respiration in the absence of oxygen, lactate formed from pyruvate via lactate dehydrogenase accumulates, which results in a decrease in cellular pH and closure of mitochondrial permeability transition pore (MPTP) [20] . Upon reperfusion, a sudden resumption of blood flow can over energize mitochondrial respiration, leading to a spike in mitochondrial generation of reactive oxygen species (ROS) and opening of MPTP [21] [22] [23] [24] . This opening can release cytochrome c that then activates cell death pathways and causes tissue infarction [25, 26] . Moreover, ROS production could further accentuate cellular apoptosis as ROS can induce oxidative stress and impair protein functions [27] [28] [29] [30] [31] [32] [33] [34] [35] . Therefore, based on the key roles of mitochondria in cell death and ischemic reperfusion injury, numerous mitochondrial proteins have been assessed or suggested as targets for preconditioning against ischemic stroke injury [14, 36] .
In this paper, we describe our findings that mitochondrial dihydrolipoamide dehydrogenase (DLDH) could be a target for chemical preconditioning against ischemic stroke injury. DLDH is a family member of flavin-dependent, pyridine dinucleotide oxidoreductases [37] . It is the third component of α-ketoglutarate dehydrogenase complex, pyruvate dehydrogenase complex, and branched chain amino acid dehydrogenase complexes. DLDH is also involved in the glycine cleavage system [38, 39] . Each of these complexes or pathways is fundamental for mitochondrial bioenergetics and cell survival. Yet, mouse with a loss of 50% DLDH protein content is viable and fertile [40] , suggesting that DLDH function could be inhibited to an extent to which no harm ensues. Our main findings indicate that dietary inhibition of DLDH for 4 weeks using chow supplemented with 5-methoxyindole-2-carboxylic acid (MICA), a specific inhibitor of DLDH function [41] [42] [43] [44] , significantly decreased infarct volume after transient middle cerebral artery occlusion (tMCAO), while no detrimental effects on food intake, body weight gain, blood glucose concentrations, and mitochondrial electron transport chain activities were detected in the absence of stroke. The preconditioning mechanism in the absence of stroke appeared to involve decreased DLDH activity and increased NAD(P)H: ubiquinone oxidoreductase-1 (NQO1) expression via activation of the Nrf2 signaling pathway. This mechanism was also found to operate upon stroke after MICA feeding. Our data indicate that decreased oxidative stress and apoptosis and increased mitochondrial ATP output are involved in stroke neuroprotection induced by MICA/DLDH preconditioning.
Materials and methods

Animals
Young male Sprague-Dawley rats (approximately 3 months old) were used in this study. The use of animals was approved by Institutional Care and Use Committee of University of North Texas Health Science Center and the protocol was in accordance with NIH Guidelines for the Care and Use of Laboratory Animals. Rats were randomly grouped for MICA groups and control groups. IN) . For feeding studies, rats were fed with diet supplemented with 0.33% MICA for 4 weeks. Rats were randomly assigned to either control or MICAtreated groups. Control rats were fed a standard rodent diet (Prolab RMH 1800, 5LL2), and the MICA-treated rats consumed a 5LL2 diet containing 0.33% of MICA. All rats had ad libitum access to food and water. Food consumption and body weight were monitored. The average dose of MICA derived from 0.33% diet supplement was equivalent to 200 mg/kg per rat per day, a dosage adopted from a previous study [42] . Dietary feeding of MICA was followed by stroke surgery or decapitation for tissue collection. No death caused by MICA feeding was observed. For MICA injection studies, rats were injected with MICA (200 mg/kg body weight) 24 h before ischemic surgery.
Chemicals and reagents
Transitional middle cerebral artery occlusion (tMCAO)
For tMCAO surgery, an intraluminal filament model was adapted as previously described [46, 47] . Rats were anesthetized by 1-3% isoflurane in 30% oxygen using an anesthetic vaporizer and flowmeter. The left MCA was occluded by a 4-0 monofilament suture (coated with silicon to a diameter of 0.30 -0.33 mm) introduced via internal carotid artery. After a 60 min occlusion, the suture was withdrawn for reperfusion. Subsequently, rats were maintained in the University of North Texas Health Science Center Vivarium. For sham surgery, anesthesia and surgery were performed as described for tMCAO except that no suture was introduced.
Measurement of infarct size
Brain ischemic injury was assessed by measuring the infarct volume using 2,3,5-triphenyltetrazolium chloride (TTC) staining [46, 47] . Briefly, brain slice was incubated for 30 min in a 2% solution of TTC in physiological saline at 37°C, and then fixed in 10% formalin. The stained slice was then digitally scanned and subsequently measured for the ischemic lesion size (AlphaEaseFC) [48] . The percentage of infarction volume over total brain volume was calculated as previously described [49] .
Preparation of brain mitochondria
Mitochondria isolation from whole brain was carried out using Percoll gradient centrifugation as previously reported [50] with slight modifications [45, 51] . Brains were removed rapidly and homogenized in 15 ml of ice-cold mitochondrial isolation buffer containing 0.32 M sucrose, 1 mM EDTA and 10 mM Tris-HCl, pH 7.1. The homogenate was centrifuged at 1330g for 10 min and the supernatant was saved. The pellet was resuspended in half volume (7.5 ml) of the original isolation buffer and centrifuged again under the same conditions. The two supernatants were combined and centrifuged further at 21,200g for 10 min. The resulting pellet was resuspended in 12% Percoll solution prepared in mitochondrial isolation buffer followed by centrifugation at 6900g for 10 min. The obtained soft pellet was resuspended in 10 ml of the mitochondrial isolation buffer and centrifuged again at 6900g for 10 min. All of the mitochondrial pellets obtained after centrifugation were either used immediately or frozen at −80°C until analysis. Protein concentrations were determined by Bradford assay [52] .
Measurement of enzyme activities
DLDH dehydrogenase activity was determined using dihydrolipoamide and NAD + as the substrates as previously described [45, 51] . Quantitation of mitochondrial complexes I, IV and V activities was also conducted as previously described using in-gel based assays [53] . Activities for complexes II and III were determined spectrophotometrically as previously described [54, 55] . NQO1 enzyme activity was assayed using NADH as the electron donor and 2,6-dichloroindophenol (DCPIP) as the electron acceptor as previously described [56] . Briefly, the final volume of reaction was 1 ml, and the mixture contained 50 mM Tris-HCl, pH 7.4, 15 mg/ml BSA, 1.5 mM EDTA, 40 μM DCPIP, and 30 μg brain cytosolic proteins. The reaction was started by addition of 0.2 mM NADH and the decrease in absorbance at 600 nm due to DCPIP reduction by NADH was monitored for 5 min. Dicoumarol (20 μM) was used as an NQO1 inhibitor to test the specificity of the assay [56] and NQO1 activity was deduced by subtracting the residual activity obtained in the presence of dicoumarol.
Polyacrylamide gel electrophoresis and Western blot analysis
Nongradient blue native gel electrophoresis was performed as previously described [45, 57] . For SDS-PAGE and Western blot assays, 10% resolving SDS-PAGE was usually performed. Typically, one of the resulting gels was stained with Coomassie colloid blue [53] , and the other gel was subjected to electrophoretic transfer to immunoblot membrane and immunoblotting [58] . Immunochemical signals on the immunoblot membrane were detected with an enhanced chemiluminescence (ECL) kit. All images were documented by an EPSON PERFECTION 1670 scanner with all densitometric quantifications of gel images being analyzed by AlphaEaseFC software.
Other measurements
Nrf2 nuclear translocation was determined by electrophoretic mobility shift assay (EMSA) [59] using a commercially available kit purchased from Signosis Inc (Santa Clara, CA, catalog number GS-0031). Brain homogenate H 2 O 2 was measured by the Amplex Red method [60] using a kit purchased from Invitrogen (catalog number A22188). Caspase-3 activity (cleaved form), as a cell death parameter [61] , was determined by a kit that was purchased from BioAssay (Hayward, CA). Protein carbonyl content was determined by a gel-based Western blot analysis of biotin-hydrazide derivatized proteins [31, 62, 63] , whereby Western blot signal intensities were normalized against those of Coomassie blue stained bands. Lipid peroxidation was determined by measuring thiobarbituric acid reactive substances (TBARS) [64] using a kit purchased from BioAssay Systems (Hayward, CA). ATP content was measured spectrophotometrically by an ATP probe kit that was purchased from BioVision (Milpitas, CA, catalog# K354-100). This assay employs phosphorylation of glycerol by ATP to yield ADP, and the byproduct of this reaction eventually oxidizes the probe to form resorufin that can be easily monitored at 570 nm [65, 66] . Mitochondrial function measured as mitochondrial respiration was performed using Mito-ID extracellular oxygen sensor kit as previously described [67] .
Data analysis
Statistical data analysis was performed by GraphPad's 2-tailed unpaired t-test (GraphPad, San Diego, CA). P < 0.05 was considered statistically significant.
Results
MICA administration via injection induces ischemic tolerance
We initially tested whether administration of MICA via intraperitoneal injection would increase the brain's ischemic tolerance or impart preconditioning after tMCAO. In these studies, rats received MICA injection (200 mg/kg, I.P.) [42] once per day for seven days. Following tMCAO performed 24 h after the last MICA injection, brain infarction volume was measured densitometrically after histochemical staining with 2,3,5-triphenyltetrazolium chloride (TTC) [68] . Results in Fig. 1A and B show that the infarction volume was nearly 60% lower in MICA-treated than in control rats, indicating that MICA had a preconditioning effect.
MICA administration via dietary intake also induces ischemic tolerance
Based on the above results of MICA injection studies, we wanted to test whether MICA administered orally and non-invasively could also be used as a preconditioning approach for ischemic tolerance. Results show that there was also a significant decrease in infarction volume in the MICA-treated vs. control rats (Fig. 1C and D) , indicating that 4 weeks' MICA treatment via dietary administration also induced preconditioning effects in the brain. 3.3. MICA diet does not affect body weight, food intake, or blood glucose concentrations in the absence of stroke To investigate whether MICA dietary administration had any detrimental effects on the animals, we measured body weight gain and food intake as well as blood glucose concentrations before and after the whole feeding procedure. Blood glucose concentrations were measured by a glucose meter (FreeStyle Light, Abbott). As shown in Fig. 2 , MICA diet had no effect on body weight gain, food intake, and blood glucose concentrations, indicating that administration of MICA via dietary feeding does not have detectable toxic effects on the animals in the absence of stroke.
MICA diet does not affect mitochondrial electron transport chain and oxidative phosphorylation in the absence of stroke
To determine whether the 4 weeks' MICA dietary administration had any negative effects on mitochondrial function, we measured activities of mitochondrial respiratory complexes as previously described [53] and mitochondrial respiration reflected by oxygen consumption. These measurements were conducted on mitochondria isolated from brains without tMCAO. Results indicate that mitochondrial electron transport chain complexes were not affected by MICA diet (Fig. 3A-D) . Additionally, MICA did not affect complex V (F 1 F 0 ATP synthase) activity (Fig. 3E) . Moreover, MICA treatment did not impair mitochondrial function as there was no difference between control diet and MICA diet in mitochondrial respiration (Fig. 3F) . These results indicate that dietary MICA intake does not impair mitochondrial oxidative phosphorylation in the absence of stroke.
Dietary MICA decreases DLDH activity
Based on previous studies that MICA reversibly inhibits DLDH function [41] [42] [43] [44] , we then investigated whether there was a change in DLDH activity after MICA dietary feeding by measuring DLDH activity using blue native gel analysis. Results in Fig. 4A shows that DLDH activity was lower in the MICA-treated group than in the control group. Interestingly, DLDH protein content did not show detectable changes when measured by anti-DLDH Western blot assay (Fig. 4B and C) , suggesting that the partial loss in DLDH activity in the MICA-treated group was likely due to posttranslational oxidative modification of the enzyme.
3.6. Attenuation of DLDH activity is likely partly due to protein sulfenation caused by MICA treatment
As DLDH is known to undergo sulfenation under oxidative stress conditions [69, 70] , we investigated whether the loss of DLDH activity observed in Fig. 4A could be also due to protein sulfenation which is a reversible process [71] [72] [73] . Mitochondrial proteins were labeled with a specific sulfenation probe DCP-Bio1 [74] followed by BN-PAGE isolation of DLDH and Western blot detection of DLDH sulfenation. Result in Fig. 4E (the upper image and the lower bar graph) shows that DLDH indeed underwent sulfenation after MICA treatment, indicating that the loss of DLDH activity (also confirmed in Fig. 4D , the upper image and the lower bar graph) could be partly caused by sulfenation of its cysteine residues. It should be noted that occurrence of DLDH sulfenation did not incur a big drop in DLDH activity, which indicates that MICA may have other targets in the body that are involved in MICA-induced preconditioning.
Dietary MICA up-regulates NQO1 expression via activation of the Nrf2 signaling pathway
To identify the most critical molecular components of the DLDH/ MICA preconditioning pathway, we tested the hypothesis that dietary targeting of DLDH could induce the expression of phase II cytoprotective proteins. Accordingly, we used whole brain homogenate to measure the endogenous antioxidant GSH/GSSG ratio and activities of enzymes including thioredoxin reductase, glutamate-cysteine ligase (GCL), glutathione s-transferase, heme oxygenase-1 (HO-1), and NQO1, all of which can be upregulated by the Nrf2/ARE pathway [75] . It should be pointed out that all these measurements used samples from rats that did not undergo tMCAO. Although there were no differences in GSH/GSSG ratio, thioredoxin reductase activity, GCL activity, HO-1 activity or glutathione s-transferase activity (data not shown); NQO1 activity and protein levels were significantly higher in the MICA-treated rats than in the control rats (Fig. 5A, B, and C) . Thus, NQO1 was specifically upregulated in response to MICA-induced DLDH inhibition. Inasmuch as NQO1 is regulated by the Nrf2 transcriptional signaling pathway, we assessed Nrf2 translocation into the nucleus via electrophoretic mobility shift assay and observed that nuclear Nrf2 content was indeed significantly increased (Fig. 5D). 3.8. tMCAO following MICA dietary preconditioning also reveals decreased DLDH activity, increased Nrf2 signaling, increased NQO1 activity, decreased oxidative stress and cell death, and increased mitochondrial ATP output As most of the above biochemical parameters were measured in the absence of tMCAO following MICA dietary feeding (data in Figs. 2-5) , we then evaluated DLDH activity, Nrf2 nuclear translocation, NQO1 activity, oxidative stress, cell death (caspase 3 activity), and mitochondrial function (reflected by ATP content) after tMCAO following MICA feeding. Results in Fig. 6 show that, in the presence of tMCAO following MICA feeding, DLDH activity was lower in the MICA treated group (Fig. 6A and B , note that the indicated Coomassie blue band was used as loading control; the same for complex I band below); and no complex I activity change was detected ( Fig. 6A and C) , nor was complex IV activity (Fig. 6A: lower panel) . These results are in agreement with what were observed in the preconditioning phase without tMCAO (Figs. 3 and 4) . On the other hand, nuclear content of Nrf2 was increased ( Fig. 6D ) that was accompanied also with an increase in NQO1 enzymatic activity (Fig. 6F) . Moreover, oxidative stress, reflected by cellular hydrogen peroxide content (Fig. 6G ) and mitochondrial protein carbonyls (Fig. 6H ) and lipid peroxidation measured by TBARS (Fig. 6I) , was attenuated by MICA treatment. It should be noted that for the measurement of H 2 O 2 by Amplex red that can be oxidized in H 2 O 2 -independent pathways [76] , data were presented as fluorescence intensity in the presence of catalase (approximately 10 µM) and the catalase sensitive part of the fluorescence signal was compared (Fig. 6G) . Additionally, as we used brain homogenate and Amplex reacts with intermediates generated by reaction of H 2 O 2 with horseradish peroxidase, we think it is residual H 2 O 2 that was measured Furthermore, we also determined cell death by caspase 3 activities and mitochondrial ATP output following MICA dietary administration and tMCAO. Results indicate that caspase 3 activity was significantly lower in the MICA group than in the control group (Fig. 7A) , suggesting an attenuated process of cell death by MICA. Conversely, mitochondrial ATP output was greatly increased (Fig. 7B) . Taken together, the data collected after stroke surgery further indicate the possibility that increased Nrf2 signaling is involved in MICA preconditioning-induced neuroprotection; and this neuroprotection involves attenuation of oxidative stress, decreased cell death, and increased mitochondrial ATP output. It should be noted that as we did not observe a detrimental effect of MICA on mitochondrial function in the absence of stroke (Fig. 3) , the preservation of ATP content observed in Fig. 7B may just reflect improved cell viability and/or decreased ATP consumption.
DLDH inhibition by MICA shows delayed preconditioning effect
We also wanted to test whether MICA administration had any delayed precondition effect. To this end, tMCAO was performed 4 weeks after the end of 7 daily MICA intraperitoneal injections. TTC staining of the infarction volume shown in Fig. 8 shows that there was a neuroprotective effect even 4 weeks post MICA treatments, indicating that there was a prolonged protective effect of possible DLDH inhibition by MICA. Moreover, this delayed neuroprotective effect also involved activation of the Nrf2 signaling pathway (Fig. 8C ) and NQO1 upregulation ( Fig. 8D and E) .
Discussion
The major findings of the present study are that mitochondrial DLDH, involved in four metabolic pathways, may serve as a preconditioning target for neuroprotection against ischemic stroke injury and that MICA administered via dietary feeding does not exhibit detectable toxicity on the animals. The underlying mechanisms of MICA preconditioning are likely multiple, but decreased DLDH activity and NQO1 upregulation via Nrf2 signaling may contribute to the observed preconditioning effects, which involve attenuated oxidative stress, decreased cell apoptosis, and increased mitochondrial ATP output. Moreover, potential DLDH inhibition by MICA also exhibits delayed preconditioning effects. It should be pointed out that the small decrease in DLDH activity observed after MICA treatment may serve as a trigger for neuroprotection. In other words, DLDH activity decrease may not be sufficient for the observed neuroprotective effects as there might be other signaling pathways contributing to MICA-induced neuroprotection in this model.
How did we become interested in DLDH preconditioning for neuroprotection against ischemic stroke injury? This was really a serendipitous finding. We initially observed that following ischemia
Oxygen consumption Fig. 3 . Effects of MICA diet on activities of mitochondrial electron transport chain components (panels A to E for complexes I to V, respectively) and mitochondrial function. Activities were measured as previously described [53, 55] . Panel F shows mitochondrial oxygen consumption between control and MICA diet. For A to E, values are mean ± SEM from 5 rats per group; for F, values are mean ± SEM from 3 rats per group. Brain mitochondria were isolated after MICA feeding and were treated by DCP-Bio1, a probe that is specific for sulfenic acids [74] . DLDH was then separated from other mitochondrial proteins by BN-PAGE and visualized by in-gel activity staining as shown in (D), which is a representative gel image. The activity containing band was excised and further subjected to SDS-PAGE followed by Western blot probed with streptavidin-HRP as shown in (E). For both D and E, the densitometric analysis of the corresponding image was presented as a bar graph, respectively. Three rats in each group were analyzed. reperfusion, there was a loss of DLDH activity when the reperfusion length was 1 h. Beyond two hours of reperfusion (up to 24 h tested, data not shown), DLDH activity recovered (Fig. 9A ). Yet brain damage clearly occurred at the end of 24 h reperfusion as reflected by TTC staining of the infarction volume. This observation suggested that if DLDH activity is prevented from recovering and kept low during the reperfusion process, the infarction volume might be decreased and there might be a neuroprotective effect in stroke. Hence we used MICA to inhibit DLDH activity, taking advantage of the well-established preconditioning concept. Interestingly, when DLDH activity was lost within one hour of reperfusion, DLDH protein content was not altered (Fig. 9B) , indicating a reversible post translational modification that had occurred to DLDH upon reperfusion and that the existence of this modification was reperfusion time dependent. The nature of this modification causing rapid loss and recovery of DLDH activity could be partially attributed to protein sulfenation that is known to be a reversible process [77, 78] (Fig. 4E) , though the exact site of sulfenation is yet to be determined.
Numerous mitochondrial proteins have been evaluated as preconditioning targets for neuroprotection against stroke injury [36] . For example, two-well studied proteins are succinate dehydrogenase [7] and mitochondrial K ATP channels [79] . For succinate dehydrogenase, the effects of 3-nitropropionic acid (3-NPA) have been comprehensively investigated [8] . 3-NPA is an irreversible inhibitor of succinate dehydrogenase and is highly toxic [8] . For mitochondrial K ATP channels, diazoxide, as a channel opener, has been well studied [80] . Both 3-NPA and diazoxide target, respectively, one single protein in the mitochondria; and ROS production and membrane depolarization as well as membrane potential alteration have been suggested to be the mechanisms involved in their preconditioning effects [36, 81] . Our model of potential DLDH inhibition by MICA could serve as a unique paradigm of preconditioning as DLDH is involved in four metabolic reactions. Therefore, multiple targets could actually be inhibited by MICA, which also did not show toxicity when chronically administered via dietary intake.
It should be noted that as DLDH is involved in four metabolic pathways or complexes, we assume that all the 4 complexes or pathways can be inhibited to certain degrees by MICA. However, whether or not all the 4 pathways were equally targeted in our experiments remains unknown at this time. It is likely that one complex may be inhibited more by MICA than the others. Regardless, this aspect remains to be investigated. Also, as DLDH is known to contribute to mitochondrial ROS production under many conditions [70, 82, 83] , DLDH sulfenation, by lowering DLDH activity, may also attenuate DLDH contribution to ROS production, thereby leading to decreased ischemia injury after stroke. Indeed, we found that cellular ROS production and oxidative stress reflected by hydrogen peroxide content, protein oxidation and lipid peroxidation were all significantly lower in the MICA-treated group than in the control group (Fig. 6,G-I) , demonstrating a decrease in ROS production and oxidative stress in this preconditioning paradigm.
In vitro, when DLDH activity was measured in the presence of 5 mM 9 . Measurement of DLDH activity (A) and protein content (B) after ischemia reperfusion. Animals were not treated with MICA. One h ischemia was followed by 1 or 2 h reperfusion. This was further followed by brain mitochondria isolation for gel analysis. DLDH activity was measured by in-gel BN-PAGE assay (upper panel) as described in the text, and DLDH protein content was measured by anti-DLDH Western blot assay (lower panel). Shown are contralateral samples and ipsilateral samples after 1 and 2 h reperfusion. As can be seen in the upper panel, DLDH activity was lost after 1 h reperfusion but recovered after 2 h reperfusion, but protein content did not change.
MICA followed by addition of 25 mM substrate (dihydrolipoamide), there was no inhibitory effect of MICA that could be detected (data not shown), confirming the notion that MICA is a reversible DLDH inhibitor [41] [42] [43] [44] . In vivo, when mitochondria were isolated after dietary MICA feeding from the brain, there should be no MICA present as it would not be pelleted with mitochondria after centrifugation due to its small molecular weight and its reversible binding to DLDH. Nonetheless, we have found that DLDH activity was lower in the MICA treated group than in the control group (Fig. 4A) in the preconditioning phase without stroke surgery. This observation, along with the result that DLDH protein content was not altered by MICA feeding, suggests that DLDH undergoes posttranslational modifications. Indeed, sulfenic acid formation (sulfenation) is at least one of the potential mechanisms that decrease DLDH activity (Fig. 4E) .
While our study suggests that DLDH sulfenation is likely involved in MICA inhibition of DLDH activity, the mechanism and nature of this modification remains elusive. In mammals, DLDH has 10 cysteine residues [84] , and two of which (Cys 45 and Cys 50) are located at the active center and are involved in DLDH catalyzed reactions [51] . Modification of either of the two cysteine residues would inhibit DLDH activity and impair the enzyme function [45, 51] . Unfortunately, we failed to identify which of the two cysteine residues was sulfenated in this study. The reason for this is that each time the protein was analyzed by mass spectrometry, the peptide containing the two cysteine residues failed to be recovered. Therefore, different approaches will need to be taken to investigate the nature of the sulfenation in this preconditioning paradigm. Nonetheless, it is likely that the substrate-receiving cysteine residue (Cys45) underwent modification as previous studies have indicated that this residue is more susceptible to oxidative modifications [85] .
MICA can cross the blood brain barrier as it has been reported that this chemical is an extremely poor inhibitor of D-amino acid oxidase in the brain [86] . Also, as literature abounds with studies that MICA is a specific DLDH inhibitor [41] [42] [43] [44] , we did not verify this inhibitory specificity in vivo in our preconditioning model. We also don't know whether MICA would also target other proteins in vivo. These are the potential caveats of the present study. Nonetheless, studies in vitro using isolated mitochondria, as described above, clearly show that MICA is a specific and reversible DLDH inhibitor. In addition, there are many questions that remain to be answered. For example, one question arising from the study is that how MICA inhibition of DLDH could enhance DLDH sulfenation. We can only speculate at this point. It is possible that MICA binding of DLDH changes the structure of the protein so that small molecules of reactive oxygen species such as superoxide and nitric oxide could readily get access to the cysteine residues at the active center of the enzyme, resulting in sulfenation. Also we cannot exclude the possibility that other proteins are sulfenated during MICA treatment. Additionally, sulfenation could likely be only one type of modifications that may be involved in DLDH functional change and neuroprotection induced by MICA. Another question is how MICA makes the redox change that leads to DLDH sulfenation. As we have observed that MICA enhanced DLDH sulfenation during the preconditioning phase, MICA would act as an indirect antioxidant as protein sulfenation represents a scavenging process, which can lower the level of ROS. Indeed, it has been reported that sulfenation of a protein target can serve as an electron sink [87, 88] . As mentioned above, DLDH has two cysteine residues at its active center that is known to be very reactive towards hydropoxides. This, together with the fact that sulfenation is a reversible process, makes it possible that DLDH could serve as a scavenger of hydroperoxides as previously reported [89, 90] . Also, how DLDH inhibition leads to Nrf2 activation remains unknown at this time. It is known that the Nrf2/Keap1 pathway is activated by the oxidation and dissociation of Keap1 [75, 91] , therefore, it is possible that DLDH sulfenation contributes to Keap1 oxidation and dissociation. It is also possible that redox change caused by DLDH inhibition activates Keap1 dissociation, leading to Nrf2 release and nuclear translocation. Regardless, the detailed mechanisms by which potential DLDH inhibition by MICA activates the Nrf2 signaling pathways remain to be elucidated. Future studies using Nrf2, DLDH, or NQO1 knock out/ knock down animal models in conjunction with MICA treatments may provide further insights into the neuroprotective mechanisms of this preconditioning paradigm.
Finally, it should be emphasized that data collected both before and after tMCAO following MICA feeding all indicate the potential involvement of decreased DLDH activity and increased Nrf2 signaling as the underlying mechanisms of MICA preconditioning mechanisms. Our reasoning of doing data collection without stroke surgery after MICA feeding is that the preconditioning stage is the preparation phase during which the brain is reprogrammed and prepared for ischemic stroke challenge. Our data show that there were at least two processes that occurred during the MICA preconditioning stage. One is lowered DLDH activity via protein sulfenation, and the other is upregulation of NOQ1 via the Nrf2 signaling pathway, which is known to be involved in protecting the brain against stroke injury [91] [92] [93] . These phenomena continued to exhibit when data were collected and analyzed after stroke surgery. Moreover, our data (Figs. 6 and 7) also indicates that potential mechanisms of MICA-induced neuroprotection against stroke injury involve attenuated oxidative stress, decreased cell death, and increased mitochondrial function as reflected by mitochondrial ATP output. It is conceivable that DLDH functional change, possibly via protein sulfenation, may be one of the initial stressful events in the Nrf2 signaling activation process. It should be pointed out that the involvement of other proteins potentially targeted by MICA in vivo cannot be excluded.
Conclusions
The present study has provided evidence that MICA, potentially targeting mitochondrial DLDH, confers preconditioning effect on neuroprotection against ischemic stroke injury. MICA administration via dietary intake did not show detectable metabolic toxicity on the animals that were studied. The likely mechanisms underlying this neuroprotective effect are decreased DLDH function and augmented Nrf2 signaling process that is well-known for its role in cytoprotection [91, [93] [94] [95] , together with decreased oxidative stress and cell death as well as increased mitochondrial ATP production. It should be pointed out that we based our study on previous investigations that MICA specifically inhibits DLDH [41] [42] [43] [44] . Nonetheless, whether MICA indeed specifically inhibits DLDH in the brain has not been directly demonstrated in the present study. Therefore, our study may only suggest that DLDH could be manipulated for neuroprotective therapies.
